
Abstract The adoptive transfer of tumor-infiltrating
lymphocytes along with interleukin 2 into autologous pa-
tients resulted in the objective regression of tumor in
about 30% of patients with melanoma, indicating that
these T cells play a role in tumor rejection. To under-
stand the molecular basis of the T cell-cancer cell inter-
action we and others started to search for tumor antigens
expressed on cancer cells recognized by T cells. This led
to the identification of several major histocompatibility
complex (MHC) class I restricted tumor antigens. These
tumor antigens have been classified into several catego-
ries: tissue-specific differentiation antigens, tumor-spe-
cific shared antigens, and tumor-specific unique anti-
gens. Because CD4+ T cells play a central role in orches-
trating the host immune response against cancer, infec-
tious diseases, and autoimmune diseases, a novel genetic
approach has recently been developed to identify these
MHC class II restricted tumor antigens. The identifica-
tion of both MHC class I and II restricted tumor antigens
provides new opportunities for the development of thera-
peutic strategies against cancer. This review summarizes

the current status of tumor antigens and their potential
applications to cancer treatment.
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Introduction

The immune system plays a critical role in immune sur-
veillance against cancer and other diseases. The impor-
tance of T cells in antitumor immunity has been demon-
strated in experimental animal tumor models [1, 2, 3].
Adoptive transfer of tumor-infiltrating lymphocytes
(TIL) along with interleukin 2 (IL-2) into the autologous
patients also has demonstrated an important role of T
cells in tumor regression [4, 5]. To understand how T
cells mediate antitumor responses, and what molecules
on tumor cells are recognized by T cells, a great deal of
effort has been made to identify tumor antigens recog-
nized by cytotoxic T lymphocytes (CTL) with antitumor
reactivity in vivo and in vitro. The identification of a
number of MHC class I restricted tumor antigens derived
from melanoma and other types of cancer has provided
the basis for understanding T cell mediated antitumor ac-
tivity and a rationale for the development of anticancer
vaccines.

Because tumor specific CD8+ CTL lyse tumor cells
directly and can eradicate large tumor masses in vivo,
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the approach used for immunotherapy of cancer is limit-
ed to the role of CD8+ CTL. Moreover, it has been diffi-
cult to identify MHC class II restricted antigens due to
differences in the antigen processing and presentation of
MHC class II restricted antigens from the MHC class I
pathway. As a result little attention has been paid to
CD4+ T helper cells, and only few MHC class II restrict-
ed tumor antigens have been identified thus far. Howev-
er, the important role of CD4 T cells in priming and
maintaining of antitumor immune responses has been
documented in several animal tumor models [6, 7, 8, 9].
CD4+ T cells also play a role in controlling tumor
growth and protecting mice from tumor challenge in
MHC class II negative tumor model [10]. Vaccination of
mice with a tumor specific CTL epitope and a CD4+ T
cell epitope produced a potent antitumor immunity.
These studies suggest the importance of both CD8+ and
CD4+ T cells in antitumor immune responses. Therefore
the identification of MHC class II restricted tumor anti-
gens is critical for the development of more effective
cancer vaccines.

Identification of tumor antigens has led to several
clinical trials. Peptide-based vaccines and recombinant
viruses encoding tumor antigens have been evaluated in
the treatment of patients with melanoma [11, 12]. This
review summarizes the current status of human tumor
antigens and discusses the clinical applications of these
tumor antigens in cancer therapy.

Methods for the identification of MHC class I
restricted tumor antigens

cDNA expression cloning

The cDNA expression system is to transfect cDNA li-
braries into cells expressing the appropriate MHC class I
molecule and to screen positive pools with tumor reac-
tive T cells based on either cell lysis or cytokine release
[13]. This approach has been improved by using cDNA
pools along with a plasmid encoding an appropriate
MHC class I into COS-7 or 293 cells [14, 15, 16]. Major
limitations of this approach include the requirement to
determine the MHC restriction element prior to library
screenings and the need to identify the antigenic peptides
based on the amino acid sequence predicted from the
open reading frame (ORF) of a gene.

Retrovirus-based cDNA expression system

To overcome the problems associated with difficulties in
identifying the MHC restriction element utilized by
CD8+ CTL because the blocking antibodies specific for
particular MHC alleles are unavailable, or the tumor an-
tigen recognized by the CTL is a unique or mutated anti-
gen, we recently developed a retrovirus-based cloning
system. The major obstacle for cloning antigens recog-
nized by T cells with an unknown restriction element is
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the lack of efficient introduction of cDNA library pools
into autologous fibroblast or Epstein-Barr virus (EBV) B
cells, and the traditional cDNA expression systems can-
not be applied to these cells. The retroviral-based cDNA
expression system allows us efficiently to introduce a
cDNA library into autologous fibroblasts which are then
capable of processing and presenting antigenic peptides
to T cells [17]. The screening strategy is shown in Fig. 1.
First, a retroviral cDNA library is constructed, and divid-
ed into cDNA pools consisting of approximately 30 col-
onies in a 96-well plate format. Second, we transiently
transfect retroviral cDNA library pools plus a plasmid
encoding vesicular stomatic virus G protein into 293GP
packaging cell lines. Two days after transfection virus
supernatants are harvested and used to infect cultured
autologous fibroblasts. After 2 days incubation T cells
are added to the transduced fibroblasts, and positive
retroviral cDNA pools are identified by measuring cyto-
kine release from T cells. The use of relatively small
cDNA pools obviates the need to generate a retrovirally
transduced stable cell library or cell clones and the need
to isolate cDNA inserts encoding tumor antigens from
genomic DNA. The usefulness of this system is currently
being tested to identify new antigens recognized by
CD8+ T cells without knowledge of restriction element.

Fig. 1 Schema for expression cloning using retrovirus-based
cDNA libraries. pVSV-G Plasmid-encoding vesicular stomatic vi-
rus G protein; LTR long terminal repeat; CMV cytomegalovirus



Peptide elution and combinatorial peptide library

Tumor-specific peptides can be eluted with acid from ei-
ther the tumor cell surface or purified peptide-MHC
complexes, and subsequently separated by high-pressure
liquid chromatography. The eluted peptide fractions are
then tested for their ability to stimulate cytokine secre-
tion from CTL when pulsed onto the MHC matched anti-
gen-presenting cells (APC). A naturally processed tu-
mor-specific peptide recognized by CTL can be directly
identified [18] after sequence determination by Edman
degradation or tandem mass spectrometry. The peptide
sequence can then be used to search databases for find
the gene encoding the antigenic peptide. Drawbacks to
this approach include the technical complexity associat-
ed with fractionation of the active peptides and the use
of instruments such as tandem mass spectrometry.

An alternative approach is to use synthetic peptide li-
braries based on the peptide-binding motif of a particular
MHC molecule. This has been used for identification of
an antigenic peptide recognized by a CTL line [19].
However, the identified peptide may be a cross-reactive
peptide rather than an authentic peptide derived from a
tumor antigen.

“Reverse immunology” approach

Few tumor antigens have been isolated from breast, pros-
tate, and other types of cancer due to the lack of tumor re-
active T cells, but there are putative tumor antigens
whose expression is known to be associated with tumor
[20, 21]. Recently, serological analysis of recombinant
cDNA expression library of human tumor with autolo-
gous serum (SEREX) has been used to isolate many puta-
tive human tumor antigens [22, 23]. Among these are ty-
rosinase [24], MAGE [24], NY-ESO-1 [25], SSX2 [26],
synaptonemal complex protein (SCP-1) [27], and CT7
[28]. Interestingly, tyrosinase, MAGE, and NY-ESO-1 are
the T cell defined antigens [14, 29, 30, 31], suggesting
that SEREX analysis is useful in identifying tumor anti-
gens which may be recognized by antibodies and T cells.
HOM-TES-14 was identified by screening a testis cDNA
library with high-titered IgG antibodies from the serum of
a patient with renal cell carcinoma and proved identical
to SCP-1 [27]. SCP-1 is known to be expressed selective-
ly during the meiotic prophase of spermatocytes and is
involved in the pairing of homologous chromosomes. It is
frequently expressed in malignant gliomas, breast, renal
cell, and ovarian cancer [27]. CT7 is a newly defined
gene with partial sequence homology to the MAGE fami-
ly at its C-terminus and contains a distinct repetitive se-
quence at the 5’ end [28]. T cell reactivity for SCP-1 and
CT7 has not been demonstrated. However, since the pro-
duction of antibodies against theses antigens requires
both B and CD4+ T cells, it is possible that T cell epi-
topes exists in these antigens.

To validate an antigen identified by SEREX or by
other approaches based on specific expression pattern as

a true tumor antigen, it is necessary to generate CD4+ T
cells and CTL in vitro using peptides derived from a pu-
tative tumor antigen [21, 32, 33, 34]. Although many
strategies have been developed using peripheral blood
mononuclear cells (PBMC) or dendritic cells (DC)
pulsed with peptides or purified proteins as stimulators,
it is not clear which method is better for efficient genera-
tion of CTL in vitro. In many cases these CTL recognize
the peptide used for stimulation but do not recognize the
tumor cells [35]. Several factors could account for the
inability of these T cells to recognize tumor cells: (a) the
affinity of peptide-reactive CTL may be too low to rec-
ognize the small amounts of peptide naturally displayed
at the cell surface; (b) the peptide used in vitro systems
may not be naturally processed and presented on the tu-
mor cell surface. Recent studies show that MAGE 3-spe-
cific CTL recognize melanoma pulsed with MAGE-
3271–279 peptide and cells transfected with a minigene en-
coding the preprocessed fragment MAGE-3271–279 but
fail to recognize melanoma expressing the full-length
MAGE-3 protein [36]. Pretreatment of melanoma cells
expressing MAGE-3 with protease inhibitors results in
efficient lysis by MAGE-3271–279 specific CTL [36]. An-
other study found that mutational hotspots in p53 alter
proteasomal processing and block to generate a proper T
cell epitope [37]. These studies suggest that regulation of
proteasomal processing is important for generating prop-
er or new T cell epitopes on tumor cells recognized by
CTL. Although significant progress has been made in
understanding the rules of peptide-binding motifs for
various MHC molecules [38], the predicted peptides
which contain the MHC-binding motif may not, howev-
er, be naturally processed and presented on tumor cells at
sufficient levels to be recognized by T cells. To avoid
these problems, the use of APC such as DC pulsed with
purified whole protein or transfected with a cDNA en-
coding the putative tumor antigen as stimulators should
be subjected to further investigation. Alternatively,
HLA-A2 transgenic mice could be used as a natural se-
lection system to generate tumor reactive T cells. Once
the tumor antigen reactive T cells are produced, T cell
epitopes can be defined by testing T cell recognition for
synthetic peptides. The HLA-A2 transgenic mice have
been successfully used to generate HLA-A2 restricted
CTL [39, 40].

Tumor antigens recognized by MHC class I
restricted CD8+ T cells

Tissue-specific shared differentiation antigens

Tyrosinase is the first member of differentiation antigens
identified (Table 1) and is an important enzyme involved
in the synthesis of melanin (Fig. 2) [14, 41]. Several dis-
tinct HLA-A2 restricted T cell epitopes have been identi-
fied from the tyrosinase molecule [42, 43]. Tyrosinase
has also been shown to be reactive with TIL 888, which
resulted in the regression of multiple metastatic lesions

642



643

when adoptively transferred into the autologous patient
along with IL-2 [44, 45]. In addition, the peptides de-
rived from the tyrosinase protein were recognized by
HLA-B44 and HLA-A1 restricted T cells [46]. Interest-
ingly, a naturally processed HLA-A2 associated peptide,
YMDGTMSQV, was identified by peptide elution and
mass spectrometry. This peptide results from the posttrans-
lational conversion of asparagine to aspartic acid [47].

The MART-1 gene was isolated by screening of a
melanoma cDNA library with the HLA-A2 restricted

melanoma-reactive TIL 1235 [48]. MART-1 is identical
to Melan-A, independently cloned by another group
[15]. The MART-1 cDNA isolated from melanoma cells
contain no mutation or other alterations in the coding re-
gion. Northern blot analysis indicated that MART-1 was
expressed in melanomas, melanocytes, and retina but not
in normal human tissues [48]. The MART-1 gene prod-
uct was found to be an immunodominant antigen recog-
nized by the majority of HLA-A2 restricted melanoma
reactive CTL established this laboratory [48, 49] as well
as a large percentage of melanoma-reactive clones
derived from the peripheral blood lymphocytes of
HLA-A2+ melanoma patients [50]. Both 9-mer peptide,
AAGIGILTV, and 10-mer peptide, EAAGIGILTV, were
found to be recognized by HLA-A2 restricted melano-
ma-specific CTL [49, 51]. A tumor-reactive T cell line
was recently reported to recognize MART-1 peptide in
the context of HLA-B45 [52]. Although MART-1 is a
dominant antigen recognized by many HLA-A2 restrict-
ed TIL, no correlation has been found between T cell
recognition of MART-1 and clinical response. One study
found that the MART-1 reactive CTL recognized the
MART-1 mimic peptides derived from a number of pro-
teins including bacterial and viral proteins [53]. This
provides a possible explanation of why a high precursor
frequency of MART-1 reactive T cells is present in
PBMC of normal and patients with melanoma. In con-
trast, a strong correlation was found between the T cell
recognition of gp100 and clinical response [54].

A gene encoding gp100 was isolated by the use of tu-
mor-reactive CTL as well as a tumor-reactive antibody
[55, 56, 57]. Northern blot analysis showed that gp100
is expressed in neonatal cultured melanocyte lines, most
melanoma cell lines, and retina but not in other normal

Table 1 Tissue-specific differ-
entiation antigens Antigens HLA restrictions Peptidesa References

Tyrosinase HLA-A2 MLLAVLYCL 14, 42
HLA-A2 YMNGTMSQV 43
HLA-B44 SEIWRDIDF 46
HLA-A24 AFLPWHRLF 45
HLA-A1 KCDICTDEY 59
HLA-A1 SSDYVIPIGTY 59

MART-1/Melan-A HLA-A2 AAGIGILTV 49
HLA-A2 EAAGIGILTV 49
HLA-B45 AEEAAGIGILTV 52

gp100 HLA-A2 KTWGQYWQV 54
HLA-A2 ITDQVPFSV 54
HLA-A2 YLEPGPVTA 54
HLA-A2 LLDGTATLRL 54
HLA-A2 VLYRYGSFSV 54
HLA-A2 RLMKQDFSV 54
HLA-A2 RLPRIFCSC 54
HLA-A3 SLIYRRRLMK 59
HLA-A3 ALLAVGATK 59
HLA-A2 VYFFLPDHL (intron 4) 122

gp75/TRP-1 HLA-A31 MSLQRQFLR (ORF3) 16
TRP-2 HLA-A31 LLPGGRPYR 65

HLA-A33 LLPGGRPYR 70
HLA-A2 SVYDFFVWL 71
HLA-A68 EVISCKLIKR (intron 2) 123a Single amino acid codes were

used for peptide sequences

Fig. 2 The use of alternative ORFs for generating T cell epitopes.
The primary ORFs are used to transalate the primary gene prod-
ucts (ORF1). Alternative ORFs are located within the coding re-
gion of ORF1. Antibody response from sera of patients with mela-
noma have been detected to recognize gp75 or NY-ESO-1. T cell
epitopes derived from either ORF1, ORF2, or ORF3 are indicated
in amino acid sequences
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tissues [57]. The gp100 molecule was found to be rec-
ognized by 8 of 21 HLA-A2 restricted melanoma reac-
tive TIL established from various patients with melano-
ma in the Surgery Branch, NCI, and appears to represent
a highly immunogenic antigen. Several T cell epitopes
have been defined by the use of CTL derived from
various patients [54, 57, 58, 59]. Recently, two addition-
al HLA-A3 restricted epitopes, ALLAVGATK and
LIYRRRLMK, were identified from the normal coding
sequence of gp100 [59, 60].

One of the gp100 epitopes, YLEPGPVTA, was inde-
pendently isolated from an high-pressure liquid chroma-
tography purified fraction of peptides obtained from
HLA-A2+ melanoma [18]. This observation validates
both genetic and biochemical approaches to the identifi-
cation of naturally processed peptides on tumor cells.

Adoptive transfer of TIL 586 with IL-2 into the autol-
ogous patient resulted in an objective regression of tu-
mor. A tumor antigen encoded by tyrosinase-related pro-
tein (TRP)-1/gp75 was isolated following cDNA library
screening using TIL 586 [16]. Interestingly, gp75 was
previously reported to be recognized by IgG antibodies
in the serum of a patient with melanoma [61]. Northern
blot and protein analysis indicated that the gp75 protein
is one of the most abundant intracellular glycoproteins in
melanocyte-lineage cells but was not detected in non-
melanocytic cell types [62, 63]. The gp75 molecule has
recently been shown to have DHI-2 carboxylic acid oxi-
dase activity involved in the synthesis of melanin [64].
Interestingly, the T cell epitope was identified from a
gene product translated from alternative ORF 3 (see be-
low).

To test whether TRP-1/gp75 is the only antigen rec-
ognized by TIL 586, a number of CTL clones were es-
tablished from TIL 586. The recognition pattern of CTL
clones from TIL 586 could be classified into several cat-
egories: the first class of CTL clones recognized
TRP-1/gp75, 586mel, and HLA-A31+ melanocytes; the
second class of CTL clones did not recognize
TRP-1/gp75, but strongly recognized autologous tumor
and HLA-A31+ normal melanocytes, suggesting that
these CTL clones recognized a new antigen; the third
class of CTL clones recognized autologous tumor, but
neither TRP-1/gp75 nor HLA-A31+ normal melanocytes.
This led to identification of TRP-2 as a tumor antigen
recognized by CTL clones from TIL 586 (Table 1) [65].
TRP-2 is a member of the tyrosinase related protein fam-
ily and has approximately 40–45% of amino acid se-
quence identity to tyrosinase or TRP-1/gp75. An anti-
genic peptide was then identified from the normal ORF
of TRP-2. Interestingly, a mouse TRP-2 was identified as
a tumor antigen recognized by CTL reactive with B16
melanoma [66, 67]. This represents the first example that
both human and mouse TRP-2 act as tumor antigens.
Therefore the mouse TRP-2 can be tested as an ideal an-
tigen for studies important for human cancer vaccines.

To increase the utility of tumor antigens such as
TRP-1 and TRP-2 for immunotherapy it is important to
identify T cell epitopes restricted by other MHC class I

alleles. Based on the structural similarities of a group of
HLA alleles and peptide-binding motifs, several super-
types have been proposed [68, 69]. The HLA-A31 mole-
cule belongs to a member of the HLA-A3-like supertype,
which covers 45–50% of all ethnic populations. A recent
study demonstrated that both TRP-1 and TRP-2 peptides
are capable of binding to HLA-A3, HLA-A11,
HLA-A31, HLA-A33 and HLA-A68 [70]. Furthermore,
the TRP-2 peptide was recognized by T cells in the con-
text of HLA-A31 and HLA-A33 [70]. These studies
raised a possibility that the TRP-1 and TRP-2 peptides
could be used in the peptide-based vaccines to treat pa-
tients expressing one of the HLA-A3 superfamily mem-
bers. In addition, an HLA-A2 restricted CTL line
was generated from PBMC by multiple stimulation in
vitro with synthetic peptides. These T cells recognized
HLA-A2+/TRP-2+ tumor lines as well as T2 cells pulsed
with a TRP-180–188 peptide [71]. Because this peptide
is identical to one identified from mTRP-2, it is useful to
test it for the development of cancer vaccines in a B16
tumor model.

Tumor-specific shared antigens

MAGE-1 is the first tumor antigen identified on a human
melanoma using a genetic approach [29]. MAGE-1 was
isolated from the transfectants on the basis of its ability
to stimulate cytokine release from the CTL [29]. The
peptide epitope, EADPTGHSY, was subsequently identi-
fied and recognized by CTL in the context of HLA-A1
(Table 2) [72]. A second antigenic peptide was identified
from the MAGE-1 protein and recognized by
HLA-Cw16 restricted CTL [73]. The MAGE-1 gene is
expressed in approximately 30% of melanomas as well
as in other types of tumors, but is not detected in the nor-
mal human tissues with the exception of testis [29].

DNA hybridization analysis indicated that MAGE-1
is a member of a multiple-gene family. A similar pep-
tide, EVDPIGHLY, derived from MAGE-3, was shown
to be recognized by HLA-A1 restricted CTL [74]. Addi-
tional peptides were identified with HLA-A2 and B44
restricted CTL generated in vitro with a synthetic pep-
tide derived from MAGE-3 [75, 76]. MAGE-3 is not ex-
pressed in human normal tissues except testis. Because
MAGE-3 expression is detected in approximately 60%
of melanomas, it may represent a good candidate for the
development of vaccine strategies.

Two additional antigens were identified from a cDNA
library made from the same MZ2 melanoma cell line
(Table 2). A cDNA clone encoding BAGE was isolated
using a class I HLA-Cw16 restricted T cell clone derived
from the MZ2 patient [77]. This gene encodes a polypep-
tide of 43 amino acids and appears to be expressed in a
similar pattern to members of the MAGE family. A pep-
tide of nine amino acids was recognized by CTL in the
context of HLA-Cw16. Using the same approach, a gene
encoding an antigen recognized by a class I HLA-Cw6
restricted T cell clone was isolated. This led to the iden-
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tification of a new family of genes named GAGE [78].
Several GAGE-related genes have been reported [79, 80,
81, 82]. Two T cell epitopes from GAGE genes were
identified and recognized by CTL in association with
HLA-Cw*0601 [78] as well as HLA-A29 [82]. GAGE
genes were found to have an expression pattern similar
to that of the MAGE and BAGE genes [78].

NY-ESO-1/CAG-3 is another antigen in this group.
Several CTL clones established from TIL 586 did not
recognize TRP-1 or TRP-2 or normal HLA-A31+ mel-
anocytes, but they still strongly recognized the autolo-
gous tumor 586mel [65]. After screening a cDNA libra-
ry, several positive cDNA clones were identified [31].
DNA sequence analysis revealed that this gene, designat-
ed as CAG-3, is identical to NY-ESO-1, which was first
reported to be recognized by the autologous serum from
a patient with esophageal cancer [25]. NY-ESO-1 has
also been reported to be recognized by CTL generated
from blood lymphocytes in vitro in an HLA-A2 restrict-
ed fashion [30]. Both HLA-A2 and HLA-A31 restricted
T cell epitopes have been identified from its primary
ORF (Table 2) [30, 31]. This gene is not expressed in
normal human tissues except testis but is frequently ex-
pressed in melanoma (30%), breast (25%), prostate
(25%), bladder (80%), lung carcinoma (50–70%), and
other types of cancers [25, 65, 83]. Serological analysis
indicated that approximately 10% of patients with cancer
developed antibodies against NY-ESO-1 protein, sug-
gesting that this is an immunogenic antigen [84].
HLA-A31 restricted CTL has been shown to recognize
NY-ESO-1+ melanoma and breast and lung cancers [31,
83].

RAGE was recently identified with CTL reactive to a
renal cell carcinoma [85]. This gene is expressed in a
number of tumors of various histological types and nor-
mal retina but not other normal tissues.

Tumor-specific unique antigens

Many genetic mutations or alterations have been identi-
fied in cancer cells. These mutated proteins or peptides
resulting from genetic mutations could be more immuno-
genic; it has been long assumed that many tumor anti-
gens would be mutated antigens recognized by T cells.
However, the majority of tumor antigens identified to
date are nonmutated self-proteins. To test whether mutat-
ed ras and p53 are tumor-specific antigens, several
groups have raised CTL against normal or mutated pep-
tides from the ras proto-oncogene (67) and p53 tumor
suppressor gene [20, 39, 86, 87, 88, 89]. Nevertheless,
several mutated gene products have been recently identi-
fied as tumor-specific antigens by screening cDNA li-
braries using tumor-reactive CTL (Table 3).

MUM-1 (melanoma-ubiquitous mutated) was isolated
following screening cDNAs library derived from the
LB33 melanoma cell line with an HLA-B44 restricted
CTL [90]. DNA sequence analysis identified a point mu-
tation in a cDNA which led to a change in one amino ac-
id (Ser/Ile) at position 5 of the peptide. Since both the
normal and mutated peptides bound efficiently to the
class I HLA-B44 molecule, but only the mutated form
could be recognized by T cells, the mutation appeared to
be involved in T cell recognition.

Table 2 Tumor-specific shared
antigens Antigens HLA restrictions Peptides References

MAGE-1 A1 EADPTGHSY 72
Cw16 SAYGEPRKL 73

MAGE-3 A1 EVDPIGHLY 74
A2 FLWGPRALV 75
B44 MEVDPIGHLY 76

GAGE Cw6 YRPRPRRY 78
A29 YYWPRPRRY 82

BAGE Cw16 AARAVFLAL 77
RAGE B7 SPSSNRIRNT 85

NY-ESO-1/CAG3
ORF1 A2 (Q)SLLMWITQC(FL) 30

A31 ASGPGGGAPR 31
ORF2 A31 LAAQERRVPR 31

LAGE-1/CAMEL
ORF2 A2 MLMAQEALAFL 118

Table 3 Unique/mutated tumor
antigens Antigens HLA restrictions Peptides References

CDK4 A2 ACDPHSGHFV 91
MUM-1 B44 EEKLIVVLF 90
β-Catenin A24 SYLDSGIHF 93
Caspase-8 B35 FPSDSWCYF 101



A second mutated gene is cyclin-dependent kinase 4
(CDK4), an enzyme involved in cell cycle control. DNA
sequence analysis indicated that a point mutation (a C/T
transition) results in a substitution of a cysteine for an ar-
ginine residue at codon 24, generating a new epitope rec-
ognized by CTL [91]. The CDK4 protein usually forms a
complex with cyclin D1 and phosphorylates the pRB
protein, and therefore promotes the cell cycle progres-
sion from G1 to S phase [92]. However, assembly of
CDK4 with cyclin D1 as well as its kinase activity was
found to be inhibited by p16INK4a. Interestingly, p16INK4a

cannot bind to the mutated CDK4 and fails to inhibit the
kinase activity of CDK4/cyclin D [91], implying that the
mutation in the CDK4 gene leads to a loss of cell cycle
control. This suggests that a mutated tumor antigen also
plays a role in tumorigenesis.

β-Catenin was isolated as a mutated antigen with TIL
1290 derived from a melanoma patient 888 [93]. Partial
cDNA sequence analysis identified a point mutation
which was responsible for a change of serine to phenyl-
alanine in the coding region and constituted a new T cell
epitope for T cell recognition. The β-catenin protein has
been shown to be a cytoplasmic protein that interacts
with the cellular adhesion molecule E-cadherin [94]. A
number of mutations have been found in the β-catenin
gene product from various tumors [95, 96]. Loss of cell
adhesion molecules may play a role in the metastatic
process [97]. Recently three groups reported that the up-
regulation or stabilization of β-catenin may contribute to
tumorigenesis and cancer progression due to mutations
in the adenomatous polyposis coli tumor suppressor pro-
tein (APC) or β-catenin [98, 99, 100]. More importantly,
the point mutation initially identified by CTL screening
of a melanoma cDNA library is identical to that in β-cat-
enin identified in colon cancer [98, 99].

The mutated CASP-8 was recently identified with
CTL specific for human squamous tumor [101]. The an-
tigen encoded by caspase-8 is required for the induction
of apoptosis through Fas-FasL and the tumor-necrosis
factor pathway. A T cell epitope was identified from an
extended C-terminus portion of protein resulting from
the nucleotide substitution in the stop codon by the point
mutation.

These results suggest that some mutated genes in-
volved in cell cycle regulation and apoptosis may have
biological functions in tumorigenesis in addition to serv-
ing as immune targets for T cell recognition. The identi-
fication of these mutated antigens is important for our
understanding of molecular basis of cancer and for de-
signing a specific strategy for cancer therapy.

Tumor antigens ubiquitously expressed

MUC-1 has been shown to be expressed on breast and
pancreatic adenocarcinomas [102, 103] in addition to
epithelial cells, fibroblasts, and B cells. MUC-1 has an
unusual structure consisting of many copies of a 20 ami-
no acid sequence repeat [104]. Because of increased lev-

els of expression and decreased glycosylation, MUC-1
could provide a suitable target for immunotherapy of
cancer. However, T cell recognition of the MUC-1 gene
product appeared to be non-MHC-restricted and specific
for tumor cells due to differences in protein structure and
posttranslational modifications between tumor and nor-
mal cells [104]. The epitopes for T cell recognition were
found in the tandem repeat of the MUC-1 protein [104].
Recently, MHC-restricted MUC-1 specific CTL have
been generated and shown to recognize breast tumor.
One peptide derived from the tandem repeat was found
to be recognized by HLA-A2 restricted CTL [105], and
the other recognized by HLA-A11, HLF-A1, and HLF-
A3 restricted CTL [106]. Peptide mimics of a MUC-1
peptide have been shown to be effective in generating
functional CTL [107]; therefore the modified peptides
may be useful in breaking T cell tolerance and could pro-
vide a new approach for cancer vaccine development.

HER-2/neu is another shared tumor antigen recog-
nized by T cells in breast and ovarian cancers. The
HER-2/neu proto-oncogene encodes a tyrosine kinase
protein whose expression has been shown to increase in
30% of breast and ovarian cancers. In breast cancer
HER-2/neu overexpression is reported to be associated
with aggressive disease. CTL isolated from tumor-asso-
ciated lymphocytes can specifically recognize a synthetic
peptide corresponding to amino acids 971–980 of the
HER-2/neu protein [108]. This is the first demonstration
that CTL isolated from human tumors recognize
HER-2/neu as an ovarian tumor antigen. Recently four
ovarian tumor reactive CTL were established from dif-
ferent HLA-A2+ patients and were capable of recogniz-
ing both freshly isolated HER-2/neu+ tumor cells and
non-HLA-A2 ovarian tumor lines transfected with
HLA-A2 cDNA [21]. A common epitope, KIFGSLAFL,
was found to be recognized by four of four CTL lines
[21]. Another epitope peptide (971–980) was also found
to be recognized by two of four CTL lines. These results
were supported by findings of other groups [109, 110].
Recognition and lysis of ovarian cancer cells by CTL
were also shown to be correlates with the expression lev-
el of HER-2/neu in the tumor cells [109]. Most impor-
tantly, the breast and ovarian cancer specific CTL recog-
nized the same epitope peptide (GP2; amino acids
654–662) derived from the HER-2/neu protein in the
context of HLA-A2 [111, 112]. It appears that the GP2
peptide represents a common epitope shared by various
epithelial tumors because it was recognized by CTL lines
derived from breast, ovarian, non-small-cell lung, and
pancreatic cancers [112]. Recently, a HLA-A3-restricted
T cell epitope was identified from HER-2/neu by
CTL-generated in vitro immunization with peptide-
pulsed DC [113].

A new mechanism for generating T cell epitopes

A general rule is that one gene encodes one protein or
one enzyme. However, in the course of characterizing T
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cell epitopes encoded by TRP-1/gp75 we have realized
that in some cases one mRNA is translated into two gene
products by the use of alternative ORFs. A small DNA
fragment encoding an antigenic peptide was initially
identified by the deletion mapping, but the antigenic
peptide recognized by TIL 586 could not be found from
peptides derived from the primary reading frame of gp75
[114]. This led us to test the hypothesis that T cells rec-
ognize an antigenic peptide derived from the gene prod-
ucts translated from an alternative ORF of gp75. To our
surprise, one peptide MSLQRQFLR which was derived
from ORF3 of TRP-1/gp75 was capable of stimulating
cytokine release from TIL 586 when pulsed onto
HLA-A31+ EBV-transformed B cells [114]. This repre-
sents the first demonstration of two overlapping ORFs
being used to translate two distinct polypeptides from a
single eukaryotic cellular mRNA for immunological rec-
ognition. Although the use of overlapping reading
frames has been reported, these studies were limited to
viral mRNAs using ORF-specific antibodies [115, 116].
Change of the start codon AUG to AUC of the alterna-
tive ORF3 resulted in the loss of T cell recognition, sug-
gesting that the translation of ORF3 is essential for gen-
erating an epitope recognized by TIL 586. The transla-
tion of ORF3 of gp75 appears to be active in both tumor
and normal melanocytes based on T cell recognition of
these cells [114]. Thus, these results demonstrated a nov-
el mechanism by which a human tumor antigen can be
generated from an alternative ORF and presented to T
cells by a MHC class I molecule.

The use of alternative ORFs was also found in
NY-ESO-1. Several CTL clones established from TIL
586 recognized antigenic peptides derived from the pri-
mary ORF of NY-ESO-1, which encodes a protein of
180 amino acids. However, at least two other CTL
clones derived from the same TIL 586 did not recognize
peptides from the NY-ESO-1 protein but were still capa-
ble of recognizing COS-7 transfected with the NY-ESO-1
cDNA [31]. Further analysis demonstrated that NY-ESO-1
produces two gene products: 180 amino acid protein
translated from the primary ORF and 58 amino acid
polypeptide translated from ORF2. Therefore, two CTL
epitopes have been identified from the gene product (180
amino acids), and one epitope from the second gene
products (58 amino acids) encoded by ORF2 [31]. Fur-
thermore, ORF2 specific CTL were capable of recogniz-
ing NY-ESO-1+ melanoma as well as breast tumor [31].

More recently, LAGE-1 was originally identified by
representational difference analysis [117] and shown to
share 94% nucleotide and 87% amino acid homology to
NY-ESO-1. A short form of LAGE-1, designated as
CAMEL, was found to be recognized by a CTL clone
1/29 generated by in vitro stimulation of PBMC with au-
tologous IL-2 producing melanoma cells [118]. An
HLA-A2 restricted epitope was identified from the gene
product translated from an alternative ORF2 of LAGE-1,
which is similar to ORF2 in NY-ESO-1 [31]. Interesting-
ly, this CTL clone 1/29 recognized COS-7 transfected
with HLA-A2 plus either CAMEL, LAGE-1, or NY-ESO-1

cDNA, suggesting that all three genes are capable of pro-
ducing the gene products translated from the ORF2 and
share identical nucleotide or amino acid sequence in the
segment responsible for T cell recognition. This repre-
sents another example that antigenic peptides are trans-
lated from an alternative ORF. A similar observation was
also reported in a mouse system. Gag-specific murine
CTL were shown to recognize a peptide generated from
ORF2 of the LP-BM5 retrovirus [119]. Despite the fact
that many examples of the use of alternative ORFs have
been documented, the mechanism by which an alterna-
tive ORF is translated remains unclear [120]. The bio-
logical significance of these gene products generated
from alternative ORFs requires further investigation.

In addition to T cell epitopes identified from the gene
products of alternative ORFs, several groups reported
that T cell epitopes may also be translated from an intron
of incomplete splicing form of mRNA or aberrant
mRNA. A cDNA encoding N-acetylglucosaminyltrans-
ferase V (GnT-V) was isolated using an HLA-A2 re-
stricted CTL clone [121]. A cryptic promoter present
within one of the introns of the GnT-V gene appears to
be responsible for the generation of an aberrant tran-
script. The T cell epitope was identified from the gene
product of 74 amino acids translated from the intronic
transcript of GnT-V. In one study, a gp100 epitope recog-
nized by HLA-A2 restricted CTL cloids was identified
from an intron of an incomplete splicing form of the
gp100 RNA (gp100–intron 4) [122]. In another recent
study, a partially spliced form of TRP-2 (TRP-2–INT2)
was isolated by screening a cDNA library using a mela-
noma-reactive HLA-A68 restricted CTL clone [123].
The T cell epitope recognized by this CTL clone was en-
coded within the retained intron 2 region. These results
suggest that cryptic promoters or aberrant splicing events
can result in the translation of the intronic sequences of
mRNA and generate proteins or peptides as targets for T
cell recognition.

MHC class II restricted tumor antigens recognized
by CD4+ T cells

The critical role of CD4+ T cells in antitumor immunity

Much attention has been given to the role of CD8+ T
cells in cancer vaccine development. Thus, many tumor
antigens recognized by CD8+ T cells have been identi-
fied in melanomas as well as in other types of cancers, as
discussed above. Although clinical trials using a modi-
fied peptide derived from gp100 has shown evidence of
therapeutic efficacy for the treatment of patients with
metastatic melanoma [11], increasing evidence indicates
that optimal cancer vaccines require the participation of
both CD4+ and CD8+ T cells [124, 125, 126]. The criti-
cal role of tumor specific CD4+ T cells has been demon-
strated in the priming of antitumor immunity in several
animal models [6, 7, 8, 9]. Other studies have shown that
CD4+ T cells are important for the maintenance of CD8+
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T cell memory and support CD8+ T cell survival [127].
In addition to its role in antitumor immune responses
CD4+ T cells also play a critical role in autoimmune and
infectious diseases [128, 129, 130, 131, 132]. Therefore
the identification of antigens recognized by CD4+ T cells
is important not only for the development of new cancer
vaccines but also for a better understanding of the mech-
anism by which CD4+ T cells regulate host immune re-
sponses against cancer.

MHC class II restricted tumor antigens

Many melanoma cell lines naturally express MHC class
II molecules and are capable of presenting the antigenic
peptide to CD4+ T cells. CD4+ TIL derived from both
melanoma and breast cancers have been shown to re-
spond to the autologous tumor cells [133, 134, 135].
Both nonmutated and mutated antigens have been identi-
fied.

Nonmutated self-proteins

Tyrosinase. CD4+ melanoma-reactive TIL 1088 re-
cognized an antigenic peptide derived from the ty-
rosinase protein in an HLA-DR4 restricted fashion
[136]. Two distinct peptides QNILLSNAPLGPQFP and
DYSYLQDSDPDSFQD recognized by the CD4+ TIL
1088 were subsequently identified (Table 4) [137].
Recently, CD4+ T cells generated from the peripheral
blood of a patient with melanoma were shown to
recognize synthetic peptides derived from nonmutated
tyrosinase. These T cell clones recognized the tyrosi-
nase p386–406 peptide when it was presented by the
HLA-DR15 (DRB1*1501) molecule, suggesting that
the nonmutated tyrosinase peptides are immunogenic in
a melanoma patient [138].

Gp100. Peptide elution from HLA-DR/peptide complex-
es of a melanoma cell line has led to the identification of

a gp100 peptide (gp10044–59) [139]. In a subsequent
study, tumor specific HLA-DR4-restricted CD4+ T cells
was generated from PBMC of a healthy donor by stimu-
lating with HLA-DR transduced Chinese hamster ovary
pulsed with the gp10044–59 peptide (Table 4). The CD4+

T cells are capable of recognizing DR4+/gp100+ tumor
line FM3, but the T cell reactivity is much enhanced in
the presence of antagonistic Fas monoclonal antibody
M3 [140]. This raises the possibility that both class I and
II peptides from gp100 could be used to achieve an opti-
mal therapeutic effect on the treatment of patient with
melanoma.

MAGE-3. MAGE-3-specific CD4+ T cells were recently
generated from the PBMC by multiple stimulation in
vitro with irradiated PBMC or DC pulsed with synthetic
peptides or purified MAGE-3 protein (Table 4) [141,
142]. CD4+ T cells were capable of recognizing the
MAGE-3114–127 and MAGE-3121–134 peptides presented
by the HLA-DR13 molecule. Although these CD4+

T cells recognized both HLA-DR13+ EBV B cells and
tumor cells transduced with a recombinant retrovirus
encoding an Ii-fused MAGE-3, they did not respond to
HLA-DR13+/MAGE-3+ tumor cells nor to HLA-DR13+

EBV B cells transduced with a retrovirus encoding
MAGE-3 [141]. These results suggest that the endoge-
nously expressed native MAGE-3 protein could not en-
ter into the MHC class II pathway for the processing
and presentation of these two epitopes. However,
Manici et al. [142] reported that CD4+ T cells generat-
ed from the PBMC of a healthy donor strongly recog-
nized MAGE-3281–295 peptide presented by HLA-DR11.
More importantly, the CD4+ T cells recognized
DR11+/MAGE-3+ tumor cells and exhibited specific cy-
totoxic activity against the MAGE-3+ tumor targets,
suggesting that the epitope recognized by CD4+ T cells
is naturally processed and presented on the cell surface
of tumor.

Table 4 MHC class II restrict-
ed tumor antigens recognized
by CD4+ T cells

Antigens HLA restrictions Peptides References

Nonmutated self-antigens
Tyrosinase HLA-DR4 QNILLSNAPLGPQFP (56–70) 137

HLA-DR4 SYLQDSDPDSFQD (448–462) 137
HLA-DR15 FLLHHAFVDSIFEQWLQRHRP (386–406) 138

gp100 HLA-DR4 WNRQLYPEWTEAQRLD (44–59) 140
MAGE-3 HLA-DR11 TSYVKVLHHMVKISG (281–295) 142

HLA-DR13 AELVHFLLLKYRAR (114–127) 141
HLA-DR13 FLLLKYRAREPVTKAE (119–134) 141

Mutated/fused tumor antigens
TPI HLA-DR1 GELIGILNAAKVPAD (23–37) 143, 144
LDFP HLA-DR1 PVIWRRAPA (312–323) 145

HLA-DR1 WRRAPAPGA (315–323) 145
CDC27 HLA-DR4 FSWAMDLDPKGA (760–771) 144



Prospects for cancer therapies

Induction of an anti-self immunity to destroy
cancer cells

The identification of tumor antigens recognized by
T cells has important implications in the understanding
of T cell mediated antitumor activity and provides op-
portunities for the development of new strategies for
cancer vaccines. Because the majority of tumor antigens
identified thus far are self-proteins, a potential conse-
quence of active immunization with these cancer pep-
tides is the development of autoimmune disease [146,
147]. Since melanosomal proteins or tissue-specific anti-
gens including tyrosinase, TRP-1, TRP-2, and gp100 are
involved in melanin biosynthesis, it is evident that im-
munotherapy of cancer targeting these antigens may re-
sult in depigmentation of skin or vitiligo. Development
of vitiligo has been found to be correlated with good
prognosis or clinical responses to immunochemotherapy
in melanoma patients [43, 148, 149]. The adoptive trans-
fer of autologous TIL along with IL-2 into patients with
melanoma results in the objective regression of tumor,
and occasionally causes the depigmentation of skin in
treated patients [150]. Using tetrameric complexes of
MHC class I to identify antigen-specific T cells ex vivo,
high frequencies of skin-homing Melan-A/MART-1-spe-
cific, A*0201-restricted CTL were found in association
with vitiligo in patients [151].

In an animal tumor models the adoptive transfer of
CTL clone against murine gp100 resulted in tumor re-
gress of murine B16, but depigmentation of coat color
was observed [152]. Recently Houghton and coworkers
have demonstrated that passive immunization with a
mouse monoclonal antibody (TA99) against gp75/TRP-1
induces protection against and rejection of the
gp75+ B16F10 melanoma in syngeneic mice [153].
gp75/TRP-1 could serve as an immune target against
melanoma [154, 155]. Immunization of mice with hu-
man gp75 protein [156], DNA encoding human
gp75/TRP-1 [157], or recombinant vaccinia virus en-
coding mouse gp75/TRP-1 broke tolerance to murine
gp75/TRP-1. Immunity against mouse gp75/TRP-1 pro-
vided protection of mice from tumor challenge while
manifestations of autoimmunity were observed, charac-
terized by coat depigmentation [157, 158]. Therefore,
these studies suggest that induction of immune respons-
es against tissue-specific antigens may represent a new
approach for the treatment of cancer.

Targeting of tumor-specific shared antigens
for immunotherapy

Tumor antigens including MAGE and NY-ESO-1 are ex-
pressed in several types of cancer but not in normal hu-
man tissues with the exception of testis [25, 31, 159]. Be-
cause testis is seen as an immune privileged site, target-
ing these antigens provide a more specific antitumor im-
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Mutated tumor antigens

Several CD4+ T cells established in this laboratory recog-
nize MHC class II+ autologous tumor cells but do not re-
act with autologous EBV B cells or the known MHC class
I restricted tumor antigens. Identification of these new tu-
mor-specific MHC class II restricted antigens is important
for the development of effective cancer vaccines.

Triosephosphate isomerase. A mutated triosephosphate
isomerase (TPI) was recently identified by a biochemical
approach [143]. The point mutation, which resulted in an
amino acid substitution of Thr with Ile, created an HLA-
DR1-restricted peptide, GELIGILNAAKVPAD, recog-
nized by CD4+ TIL 1558 (Table 4). The Thr/Ile conver-
sion increased T cell reactivity by 5 logs compared to the
wild-type peptide [143]. TPI is an enzyme that catalyzes
the interconversion of dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate, an important step for gener-
ation of energy in the glycolytic pathway.

CDC27. One novel genetic approach was recently devel-
oped for cloning genes encoding MHC class II restricted
tumor antigens. This approach allows the screening of an
invariant chain (Ii)–cDNA fusion library in a genetically
engineered cell line expressing the essential components
of the MHC class II processing pathway [144]. The first
antigen identified with this approach is a new mutated
human CDC27, an important component of anaphase
promoting complex involved in cell cycle regulation,
which gives rise to a melanoma target antigen recog-
nized by CD4+ HLA-DR4 restricted TIL 1359 [144]. Al-
though the mutation itself does not constitute a T cell
epitope, the Ser/Leu mutation in a putative phosphoryla-
tion site allowed a nonmutated peptide within CDC27 to
be presented to T cells by MHC class II molecules. Us-
ing the same approach, the mutated TPI antigen identi-
fied by a biochemical approach was also isolated from a
1558 cDNA library [144], suggesting that the genetic ap-
proach is generally applicable to the identification of any
antigen recognized by CD4+ T cells.

LDFP. The third antigen identified by this approach is a
fusion gene product recognized by HLA-DR1 restricted
CD4+ TIL 1363 (Table 4). DNA sequencing analysis in-
dicated that the fusion gene (low-density-lipid receptor
fusion protein, LDFP) is generated by a LDLR gene in
the 5’ end fused to a GDP-L-fucose:β-D-galactoside 2-α-
L-fucosyltransferase (FUT) in an antisense orientation in
the 3’ end [145]. Therefore the fusion gene encodes the
first five ligand binding repeats of LDLR in the N-termi-
nus followed by a new polypeptide translated in frame
with LDLR from the FUT gene in an antisense direction.
Chromosomal DNA rearrangements was observed in the
1363mel cell line, and two fusion RNA transcripts were
detected in the autologous 1363mel, but not in other cell
lines or normal tissues tested. Two overlapping minimal
peptides (PVIWRRAPA and WRRAPAPGA) were iden-
tified from the C-terminus of the fusion protein [145].



DC infected with recombinant adenoviruses may
overcome this problem [167, 168]. “Naked” DNA vac-
cines are an alternative to the use of recombinant viruses
[169]. Self-replication RNA viruses encoding a model
antigen has recently been shown to produce a strong an-
titumor activity [170].

Since optimal vaccines require both CD4+ and CD8+

T cells, strategies using combination of MHC class I and
class II tumor antigens may aid the development of ef-
fective cancer vaccines [9, 132]. Clinical trials using
both MHC class I and II restricted tumor antigens are be-
ing conducted at the National Cancer Institute. Combina-
tion therapy using peptides/proteins, DC, and recombi-
nant viruses/DNA may be a next wave of cancer immu-
notherapy.
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